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1. INTRODUCTION {#cas13984-sec-0001}
===============

*TSPY1* (testis‐specific protein, Y‐linked 1) is located in the male‐specific region of the Y chromosome (MSY),[1](#cas13984-bib-0001){ref-type="ref"} representing the largest and most homogenous protein‐coding tandem array in the human genome.[1](#cas13984-bib-0001){ref-type="ref"}, [2](#cas13984-bib-0002){ref-type="ref"} Previous studies have revealed that TSPY1, a testis‐specific protein, is predominantly expressed in mature spermatogonia and serves physiological functions in the proliferation and differentiation of spermatogonia during spermatogenesis.[3](#cas13984-bib-0003){ref-type="ref"}, [4](#cas13984-bib-0004){ref-type="ref"} Remarkably, TSPY1 is also involved in the initiation and development of many tumors. *TSPY1* is the only MSY gene that is definitely related to a specific tumor, gonadoblastoma.[5](#cas13984-bib-0005){ref-type="ref"}, [6](#cas13984-bib-0006){ref-type="ref"}, [7](#cas13984-bib-0007){ref-type="ref"} Additionally, TSPY1 is overexpressed in the majority of evaluated testicular germ cell tumors,[8](#cas13984-bib-0008){ref-type="ref"} and ectopically activated in various somatic cancers, including hepatocellular carcinoma, melanoma, and prostate cancer.[9](#cas13984-bib-0009){ref-type="ref"}, [10](#cas13984-bib-0010){ref-type="ref"}, [11](#cas13984-bib-0011){ref-type="ref"} All of this evidence supports an oncogenic role of TSPY1 in germ cell and somatic tumors.

The predominant TSPY1 isoform is a 38‐kDa phosphoprotein that harbors a highly conserved SET/NAP domain.[3](#cas13984-bib-0003){ref-type="ref"} Its homology to other proteins of the SET/NAP superfamily might suggest the functional diversity of TSPY1, including nucleosome assembly, transcription modulation, DNA replication, cell cycle control, and cell proliferation.[12](#cas13984-bib-0012){ref-type="ref"}, [13](#cas13984-bib-0013){ref-type="ref"}, [14](#cas13984-bib-0014){ref-type="ref"} To date, studies have evaluated several molecular mechanisms of this cancer‐testis (CT) protein functions. For example, TSPY1 potentiates cell proliferation and promotes a rapid transition from G~2~ to M phase through binding to cyclin B1 and enhancing the kinase activity of cyclin B1/cyclin‐dependent kinase 1 complex.[15](#cas13984-bib-0015){ref-type="ref"}, [16](#cas13984-bib-0016){ref-type="ref"} It increases protein synthesis and gene transcription through interacting with the eukaryotic translation elongation factor 1A,[17](#cas13984-bib-0017){ref-type="ref"} and exacerbates the transactivation of endogenous androgen receptor and activates a number of growth‐related and oncogenic canonical pathways.[18](#cas13984-bib-0018){ref-type="ref"} Recently, we reported that TSPY1 promotes cell proliferation through suppressing the ubiquitin‐specific peptidase 7‐mediated p53 function.[19](#cas13984-bib-0019){ref-type="ref"} All these accumulating findings improve our knowledge of the mechanism underlying TSPY1 functions under physiological or pathological conditions. However, our understanding of the clinical significance of TSPY1 in the progression of the tumors is still limited. Also, it is unknown whether there are some common mechanisms underlying TSPY1 oncogenic functions in different kinds of tumor. It is of importance to explore these issues for evaluating the potential of the CT antigen as a tumor immunotherapy target.

Lung and liver cancers are now the leading cancer killer worldwide. In the present study, the correlations between the expression pattern of TSPY1 and the clinical consequences in patients with lung or liver tumors were explored by mining the datasets of TCGA. Transcriptomic analysis was carried out to systematically investigate the TSPY1‐influenced signaling pathways and hub genes in lung and liver tumor cells. With this work, we observed higher mortality and worse overall survival in patients with TSPY1‐expressed LUAD and LIHC relative to those with TSPY1‐negative LUAD and LIHC. Importantly, we revealed that TSPY1 could activate PI3K/AKT and RAS signaling through inhibiting the transcription of *IGFBP3*. Our findings disclosed a novel mechanism underlying the promotion of cell proliferation, cell cycle‐transition, invasiveness, and the inhibition of cell apoptosis by TSPY1 during tumor progression.

2. MATERIALS AND METHODS {#cas13984-sec-0002}
========================

2.1. Bioinformatics analysis of TSPY1 expression profile and clinical features in male patients with lung and liver tumors {#cas13984-sec-0003}
--------------------------------------------------------------------------------------------------------------------------

We abstracted the mRNA expression profiles of male lung and liver tumors with the clinical information from TCGA database (<http://cancergenome.nih.gov>, updated April 5, 2018). After normalizing mRNA expression data obtained from RNA sequencing, the cancers that showed recurrent ectopic expression of TSPY1 were determined. For each of such cancers, the ratio of TSPY1‐positive cases was calculated and the difference in overall survival was assessed between patients with TSPY1‐positive and ‐negative cancer by the log‐rank test. The hazard ratios with 95% confidence intervals and log‐rank *P*‐values were calculated and displayed on the plot. The mortality rate was compared between TSPY1‐positive and ‐negative groups by the χ^2^‐test for each tumor type.

2.2. Transcriptomic analysis of TSPY1‐overexpressing cells {#cas13984-sec-0004}
----------------------------------------------------------

Total RNA was isolated from TSPY1‐overexpressing A549 and HepG2 cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). After determining the quality and concentration using an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), RNAs were sequenced in a HiSeq4000 (Illumina, San Diego, CA, USA) instrument. Triplicate RNA samples from independent groups were prepared for sequencing. The primary bioinformatic analysis was carried out by Genedenovo Biotechnology. (Guangzhou, China). Gene Ontology analysis was visualized using the Database for Annotation, Visualization and Integrated Discovery (<https://david.ncifcrf.gov/>). GeneRatio was calculated by the percentage of DEGs that match a specific GO term in the total DEGs. Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis was undertaken using the KEGG Orthology‐based Annotation System 2.0 (KOBAS 2.0, <http://kobas.cbi.pku.edu.cn>). The protein‐protein interaction network was analyzed using the Cytoscape software from the STRING database (<http://string-db.org/>). The hub genes in the DEGs were identified according to a combined conditions that included: (i) a high connectivity degree (\>3); (ii) involvement in one of the enriched pathways; and (iii) regulation on important biological phenotypes.

2.3. Reverse transcription and RT‐qPCR {#cas13984-sec-0005}
--------------------------------------

Total RNAs from cells were reverse transcribed into cDNAs using a RevertAid First‐Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). The RT‐qPCRs were carried out using SYBR Premix Ex Taq II (TaKaRa Bio, Dalian, China) in a Bio‐Rad iCycler RT‐qPCR Detection System (Bio‐Rad, Berkeley, CA, USA). Each assay was carried out in triplicate. GAPDH was used as an internal control. The RT‐qPCR primers for target genes are listed in Table [S1](#cas13984-sup-0008){ref-type="supplementary-material"}.

2.4. Western blot analysis {#cas13984-sec-0006}
--------------------------

Cells were harvested in lysis buffer (Bioteke, Beijing, China) with a protease inhibitor cocktail (Roche, Basel, Switzerland). Protein concentrations were determined using a BCA protein assay kit (Bioteke), and equal amounts of protein were loaded into SDS‐PAGE for western blotting. Antibodies used in this study are presented in Table [S2](#cas13984-sup-0008){ref-type="supplementary-material"}.

2.5. Plasmid construction {#cas13984-sec-0007}
-------------------------

The full‐length cDNA encoding FLAG‐tagged TSPY1 was synthesized and cloned into pcDNA3.1 (+) vector (Invitrogen) and pLVX‐IRES‐ZsGreen1 vector (Clontech, Mountain View, CA, USA). Six *IGFBP3* promoter fragments with different lengths (Table [S1](#cas13984-sup-0008){ref-type="supplementary-material"}) were amplified and cloned into the pGL3‐Basic luciferase reporter vector (Promega, Madison, WI, USA). TSPY1‐specific shRNA (shTSPY1) and IGFBP3‐specific shRNA (shIGFBP3) were synthesized and inserted into the pLKO.1 vector (Addgene, Cambridge, MA, USA). The TSPY1‐specific siRNA (siTSPY1) and IGFBP3‐specific siRNA (siIGFBP3) were synthesized by RiboBio (Guangzhou, China). Their target sequences are listed in Table [S1](#cas13984-sup-0008){ref-type="supplementary-material"}.

2.6. Cell culture and lentivirus infection {#cas13984-sec-0008}
------------------------------------------

Human cell lines 293T (embryonic kidney), A549 (lung adenocarcinoma), HepG2 (hepatocellular carcinoma), LCLC‐103H (large cell lung carcinoma), and MHCC97H (hepatocellular carcinoma) were cultured in DMEM and 1640 medium supplemented with 10% FBS and 1% penicillin‐streptomycin in a humidified incubator with 37°C and 5% CO~2~. The lentivirus system was composed of 3 vectors: pMD2G (VSV‐G envelope) (Addgene), pSPAX2 (backbone) (Addgene), and pLVX‐IRES‐ZsGreen1 (stably expressed target gene) or pLKO.1 (shRNA to interfere the target gene). The 3 vectors were transfected into 293T cells using a jetPRIME transfection kit (Polyplus, Illkirch, France). After 48 hours, viral supernatants were collected, centrifuged, and filtered through 0.45‐μm PVDF membranes. Then the viral supernatants were used to infect cells. After 72 hours, RT‐qPCRs and western blot assays were undertaken to detect the expression levels of TSPY1 and IGFBP3. Additionally, the lentivirus‐infected cell clones of TSPY1‐overexpressing or ‐knockdown and IGFBP3‐knockdown cells were selected using puromycin. The siRNAs were transfected into the cells using a jetPRIME transfection kit (Polyplus). At 48 hours after transfection, total proteins were extracted from the cells for western blot assays.

2.7. Dual‐luciferase reporter assays {#cas13984-sec-0009}
------------------------------------

A Dual‐Luciferase Reporter Assay kit (Promega) was used for detection of luciferase activity. In brief, 6 plasmids, pGL3‐P1, pGL3‐P2, pGL3‐P3, pGL3‐P4, pGL3‐P5, and pGL3‐P6, were separately co‐transfected with FLAG‐TSPY1 or the negative control pcDNA3.1‐FLAG plasmids into 293T cells. After 48 hours, the luciferase activity of cell lysates was detected according to the manufacturer\'s protocols.

2.8. Chromatin immunoprecipitation assays {#cas13984-sec-0010}
-----------------------------------------

Chromatin immunoprecipitation assays were carried out using a Magna ChIP kit (Millipore, Temecula, CA, USA) according to the manufacturer\'s protocols. Briefly, cells were fixed with 1% formaldehyde for 10 minutes, and cell lysates were sheared by sonication in 1% SDS lysis buffer to generate chromatin fragments. Then 1% of the optimally sheared chromatin was retained as a positive control "input DNA" in the subsequent PCRs. The remaining chromatin was immunoprecipitated with 2 μg anti‐FLAG Abs specific to FLAG‐TSPY1. Antibody‐protein‐DNA complexes were precipitated with protein A/G magnetic beads. The DNA eluted and purified was subjected to PCR using primers specific for the target regions of the *IGFBP3* promoter. The primers for PCR are listed in Table [S1](#cas13984-sup-0008){ref-type="supplementary-material"}. Immunoglobulin G was used as a negative control.

2.9. Cell proliferation and colony formation assays {#cas13984-sec-0011}
---------------------------------------------------

The cell proliferation rate was measured with the CCK‐8 (Beyotime, Shanghai, China) according to the manufacturer\'s instructions. Briefly, cells were seeded into 96‐well plates at a density of 3000 cells per well. At indicated time points, CCK‐8 solution was added to each well. After 2 hours of incubation at 37°C, 5% CO~2~, the absorbance of each well was measured at 450 nm using a microplate reader. Each group was measured in triplicate. The relative proliferation was determined as a fold change that was calculated using the absorbance of each well. The results were normalized by the value of a control.

For the colony formation assay, 300 cells were plated into 6‐well plates and incubated for 2 weeks. Colonies were then fixed with methanol and stained with crystal violet solution when the colonies were sufficiently large for visualization. The stained colonies were counted and photographed. Each group was tested independently in triplicate.

2.10. Cell cycle and apoptosis assays {#cas13984-sec-0012}
-------------------------------------

For the cell cycle assay, cells were resuspended and fixed with 70% prechilled ethanol overnight at 4°C. The fixed cells were washed with cold PBS and treated with RNase A solution (250 μg/mL) for 30 minutes. Finally, the cells were stained with PI (Sigma‐Aldrich, St. Louis, MO, USA) and assessed on a flow cytometer (Beckman, Krefeld, Germany). The measured results were analyzed using ModFit software (Verity Software House, Topsham, ME, USA).

Cell apoptosis was detected using an annexin V‐APC/PI apoptosis detection kit (BD Pharmacy, Franklin Lakes, NJ, USA) according to the manufacturer\'s protocol. Briefly, the indicated cells were washed with cold PBS and resuspended with staining buffer. A volume of 5 μL annexin V‐APC and 1 μL PI were added to a total of 100 μL cell suspension. The mix was incubated at room temperature for 15 minutes and then subjected to flow cytometry analysis. Apoptotic cells were identified as both annexin V‐APC+/PI− and annexin V‐APC+/PI+.

2.11. Cell invasion assay {#cas13984-sec-0013}
-------------------------

Cells were cultured in serum‐free medium for 24 hours and plated into upper Transwell filter chambers coated with Matrigel (Corning, Corning, NY, USA). Medium with 10% FBS was added to the lower chamber as a chemoattractant to drive cell movement and incubated for 12 hours. Invaded cells on the undersides of the membrane were fixed with methanol and stained with crystal violet. Cells were photographed and counted under a microscope. Each assay was carried out in triplicate.

2.12. Statistical analysis {#cas13984-sec-0014}
--------------------------

Student\'s *t* test was used to compare the experimental groups with SPSS software (version 17.0; IBM, Chicago, IL, USA). Numerical data were reported as the mean ± SD. *P *\<* *.05 was considered statistically significant.

3. RESULTS {#cas13984-sec-0015}
==========

3.1. Ectopic expression of TSPY1 significantly affects the mortality rate and overall survival of patients with LUAD and LIHC {#cas13984-sec-0016}
-----------------------------------------------------------------------------------------------------------------------------

After extracting the RNA sequencing data from TCGA, we analyzed the TSPY1 expression profile in different kinds of lung and liver tumors, each of which contained more than 50 samples with relevant clinical information. Our results showed frequent ectopic expression of *TSPY1* mRNA in lung squamous cell carcinoma, LUAD, and LIHC (Figure [S1](#cas13984-sup-0001){ref-type="supplementary-material"}A). For exploring the clinical significance of TSPY1 in tumor progression, we further investigated the effect of TSPY1 expression on mortality rate and overall survival. Significantly, results showed a higher mortality rate in the patients with TSPY1‐positive LIHC relative to those with TSPY1‐negative LIHC (Figure [S1](#cas13984-sup-0001){ref-type="supplementary-material"}B). Moreover, we observed that patients with TSPY1‐positive LUAD or LIHC had worse overall survival than those with TSPY1‐negative tumor (Figure [1](#cas13984-fig-0001){ref-type="fig"}A,B). However, the influence of TSPY1 on overall survival was not found in lung squamous cell carcinoma (Figure [1](#cas13984-fig-0001){ref-type="fig"}C), which might have resulted from the limited number of samples. Collectively, these findings provided evidence to suggest that the ectopic expression of TSPY1 promoted tumor progression.

![Poor prognosis associated with the ectopic expression of testis‐specific protein, Y‐linked 1 (TSPY1) in patients with lung adenocarcinoma and liver hepatocellular carcinoma. For each tumor, the prognosis was compared between patients with and without the ectopic expression of TSPY1 in cancer tissue, in the form of a survival curve. Deterioration of overall survival was observed in patients with TSPY1‐positive lung adenocarcinoma (A) and liver hepatocellular carcinoma (B) relative to TSPY1‐negative (log‐rank test, α = 0.05: lung adenocarcinoma, *P *=* *.0203; liver hepatocellular carcinoma, *P *=* *.0050). Such an influence was not identified in lung squamous cell carcinoma (C). HR, hazard ratio](CAS-110-1573-g001){#cas13984-fig-0001}

3.2. Overexpression of TSPY1 promotes proliferation, invasiveness, and cycle transition and inhibits apoptosis of cancer cells {#cas13984-sec-0017}
------------------------------------------------------------------------------------------------------------------------------

To investigate the impact of TSPY1 during tumor progression, we constructed 2 cell lines, A549 and HepG2, in which TSPY1 was overexpressed exogenously (Figure [2](#cas13984-fig-0002){ref-type="fig"}A). Then we examined the cell characters of proliferation, invasiveness, cycle transition, and apoptosis in the 2 TSPY1‐overexpressing cell lines. We observed that TSPY1 overexpression resulted in enhanced cell proliferation (Figure [2](#cas13984-fig-0002){ref-type="fig"}B), colony formation (Figure [2](#cas13984-fig-0002){ref-type="fig"}C), and invasive ability (Figure [2](#cas13984-fig-0002){ref-type="fig"}D) in the A549 and HepG2 cells. We also found that TSPY1 overexpression increased the cell ratio of the G~1~/G~0~ phase and decreased that of the G~2~/M phase (Figure [2](#cas13984-fig-0002){ref-type="fig"}E), indicating that TSPY1 promoted the phase transition of G~2~ to M in the A549 and HepG2 cells. Additionally, we observed that TSPY1 overexpression reduced the percentage of apoptotic cells in the A549 and HepG2 cells (Figure [2](#cas13984-fig-0002){ref-type="fig"}F). Taken together, these findings suggested that TSPY1 promoted the proliferation, invasiveness, and cycle transition and inhibited the apoptosis of cancer cells, and that the 2 TSPY1‐overexpressing cell lines can be used to explore the potential mechanism that enables TSPY1 to promote cancer progression.

![Promotion of cell proliferation, cell cycle transition, cell invasiveness, and inhibition of cell apoptosis by testis‐specific protein, Y‐linked 1 (TSPY1) in A549 lung adenocarcinoma cells and HepG2 liver hepatocellular carcinoma cells. A, Western blot analysis showed that TSPY1 was exogenously overexpressed in A549 and HepG2 cells. B, CCK‐8 assays showed that TSPY1 overexpression enhanced the proliferation of A549 and HepG2 cells. The relative proliferation is presented as the fold change, calculated based on absorbance and normalized to a control value. C, Colony formation assays showed that TSPY1 overexpression increased the colony numbers in A549 and HepG2 cells. Original magnification, ×1. D, Transwell assays showed that TSPY1 overexpression accelerated invasion of A549 and HepG2 cells. Original magnification, ×400. E, Cell cycle assays showed that TSPY1 overexpression promotes G~2~/M phase transition in the cell cycle, and a shorter phase transition was found in A549 and HepG2 cells. F, Cell apoptosis assays showed that TSPY1 overexpression inhibits apoptosis of A549 and HepG2 cells. Data are presented as the mean ± SD (n = 3, \**P *\<* *.05)](CAS-110-1573-g002){#cas13984-fig-0002}

3.3. Transcriptomic analysis reveals a potential influence of TSPY1 on the function of both PI3K‐AKT and RAS signaling pathways {#cas13984-sec-0018}
-------------------------------------------------------------------------------------------------------------------------------

To investigate the common mechanism by which TSPY1 contributes to the progression and cell phenotypes of LUAD and LIHC, we explored the changes of the gene expression profiles in the A549 and HepG2 cells when TSPY1 was overexpressed through RNA sequencing. The sequencing data from this study have been submitted to the NCBI short read archive portal under accession number [SRP152744](SRP152744); raw sequence data were submitted to the NCBI Bio‐project PRJNA479692. We observed that 501 genes were upregulated and 208 genes were downregulated in the TSPY1‐overexpressing A549 cells, and that 117 genes were upregulated and 222 genes were downregulated in the TSPY1‐overexpressing HepG2 cells (Figure [S2](#cas13984-sup-0002){ref-type="supplementary-material"}). Sixteen upregulated genes and nine downregulated genes were found in both TSPY1‐overexpressing cell lines (Figure [S2](#cas13984-sup-0002){ref-type="supplementary-material"}). Then, we undertook GO classification to functionally annotate the DEGs. We obtained a total of 294 and 289 GO assignments in the TSPY1‐overexpressing A549 and HepG2 cells, respectively; approximately 60% comprised biological processes, 19% comprised molecular function, and 21% comprised cellular components in both cells (Figure [3](#cas13984-fig-0003){ref-type="fig"}A). In the biological process category, the DEGs were involved in "response to stimulus" (A549, DEG proportion 42.74%; HepG2, 47.55%), "localization" (A549, 36.54%; HepG2, 38.11%), "cellular developmental process" (A549, 31.48%; HepG2, 38.11%), "cell differentiation" (A549, 30.67%; HepG2, 36.71%) and "single‐organism developmental process" (A549, 33.44%; HepG2, 40.56%). In the category of molecular function, most DEGs play roles in "binding" (A549, 58.75%; HepG2, 50.35%) and "catalytic activity" (A549, 25.25%; HepG2, 29.43%). As for the cellular component, a large percentage of DEGs were associated with the categories "cytoplasm" (A549, 60.73%; HepG2, 63.34%), "membrane" (A549, 33.64%; HepG2, 28.94%), and "nucleus" (A549, 30.9%; HepG2, 33.12%). Furthermore, we used the KEGG pathway enrichment analysis to identify potential biological pathways in which TSPY1 might be involved. The KEGG analysis showed that TSPY1 might affect the function of several signaling pathways; only the PI3K‐AKT and RAS signaling pathways were found to have an association with TSPY1 in both A549 and HepG2 cells (Figure [3](#cas13984-fig-0003){ref-type="fig"}B). Therefore, we further investigated the influence of TSPY1 on the function of these two signaling pathways in the A549 and HepG2 cells.

![RNA sequencing‐based transcriptomic evidence for the involvement of testis‐specific protein, Y‐linked 1 (TSPY1) in important biological functions and signaling pathways in A549 and HepG2 cells. A, Differentially expressed genes (DEGs) were obtained by RNA sequencing of A549 and HepG2 cells with and without TSPY1 overexpression. Gene Ontology (GO) analysis showed that the functions of the DEGs could be associated with 3 main GO categories include biological process, cellular component, and molecular function. Each bar represents the relative abundance of DEGs classified under each category. B, Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis showed that TSPY1 could be associated with the function of PI3K/AKT and RAS signaling pathways in TSPY1‐overexpressing A549 and HepG2 cells](CAS-110-1573-g003){#cas13984-fig-0003}

In addition, we undertook a protein‐protein interaction network analysis to identify the most significant DEG "hub genes" whose expression is regulated by TSPY1 during tumor progression according to the STRING database (Figures [S3](#cas13984-sup-0003){ref-type="supplementary-material"} and [S4](#cas13984-sup-0004){ref-type="supplementary-material"}). We obtained 11 hub genes in the A549 cells and 6 hub genes in the HepG2 cells (Figure [4](#cas13984-fig-0004){ref-type="fig"}A). We then verified the mRNA level alteration of these hub genes using RT‐qPCR analysis which showed a high consistency with the RNA sequencing results (Figure [4](#cas13984-fig-0004){ref-type="fig"}B‐D). Interestingly, the 4 genes *JUN*,*BCL2*,*RUNX2*, and *HCFC1* were observed in both cells. Of them, *JUN* and *BCL2* were detected to have the highest degree of connectivity in the network that we constructed using the selected 13 hub genes (Figure [4](#cas13984-fig-0004){ref-type="fig"}E). Given that BCL2 and JUN are important downstream molecules of PI3K/AKT and RAS signaling pathways, respectively,[20](#cas13984-bib-0020){ref-type="ref"}, [21](#cas13984-bib-0021){ref-type="ref"} we postulated that TSPY1 increased the expression of *BCL2* and *JUN* through upregulating the activities of these pathways.

![Identification of the hub genes *JUN* and *BCL2* involved in the PI3K/AKT and RAS signaling pathways, respectively, in testis‐specific protein, Y‐linked 1 (TSPY1)‐overexpressing A549 and HepG2 cells. A, A total of 13 differentially expressed genes (11 in A549 and 6 in HepG2 cells) were classified as hub genes, of which 4 (*JUN*,*BCL2*,*RUNX2*, and *HCFC1*) were found in both cells. B, RNA sequencing heat map showing different expression of the 13 hub genes in TSPY1‐overexpressing A549 and HepG2 cells, relative to controls. C,D, Expression level changes of the 13 hub genes were validated by real‐time quantitative PCR analysis in TSPY1‐overexpressing A549 and HepG2 cells relative to controls. Data are presented as the mean ± SD (n = 3, \**P *\<* *.05). E, Protein‐protein interaction network analysis of the hub genes showed that *JUN* and *BCL2* were located in the center of the network with the highest degree of connectivity and that there were 6 hub genes (*SERPINE1*,*RUNX2*,*BCL2L11*,*KIT*,*CXCR4*, and *IGFBP3*) with potential connection with both *BCL2* and *JUN*](CAS-110-1573-g004){#cas13984-fig-0004}

3.4. Overexpression of TSPY1 promotes activation of PI3K/AKT/mTOR/BCL2 and RAS/RAF/MEK/ERK/JUN signaling pathways {#cas13984-sec-0019}
-----------------------------------------------------------------------------------------------------------------

To validate the influence of TSPY1 on PI3K/AKT and RAS signaling pathways, we analyzed the relevant protein level changes in the TSPY1‐overexpressing A549 and HepG2 cells (Figures [5](#cas13984-fig-0005){ref-type="fig"} and [S5](#cas13984-sup-0005){ref-type="supplementary-material"}). As shown in Figure [5](#cas13984-fig-0005){ref-type="fig"}A, we observed that the phosphorylated proteins p‐AKT and p‐mTOR in the PI3K‐AKT signaling pathway were significantly increased in both TSPY1‐overexpressing A549 and HepG2 cells and that the upregulation of BCL2 protein was also verified. In addition, we found that TSPY1 contributed to the upregulation of p‐RAF1, p‐MEK1/2, and p‐ERK1/2 in the RAS signaling pathway in both A549 and HepG2 cells and that the JUN protein level was consequently increased (Figures [5](#cas13984-fig-0005){ref-type="fig"}B and [S5](#cas13984-sup-0005){ref-type="supplementary-material"}). Considering the significance of PI3K/AKT/mTOR/BCL2 and RAS/RAF/MEK/ERK/JUN signaling pathways in cell proliferation, cycle, invasiveness, and apoptosis,[22](#cas13984-bib-0022){ref-type="ref"}, [23](#cas13984-bib-0023){ref-type="ref"}, [24](#cas13984-bib-0024){ref-type="ref"}, [25](#cas13984-bib-0025){ref-type="ref"}, [26](#cas13984-bib-0026){ref-type="ref"} we propose that TSPY1 affects cell biological phenotypes probably through a cross‐talk network that involves the molecules with functional regulation of both PI3K/AKT and RAS signaling pathways.

![Promotion of the activation of PI3K/AKT and RAS signaling pathways by testis‐specific protein, Y‐linked 1 (TSPY1) in A549 and HepG2 cells. A, Western blot analysis shows higher levels of 3 key proteins (p‐AKT, p‐mTOR, and BCL2) of the PI3K/AKT signaling pathway in TSPY1‐overexpressing A549 and HepG2 cells relative to controls. B, Western blot analysis shows higher levels of 4 key proteins (p‐RAF‐1, p‐MEK1/2, p‐ERK1/2 and JUN) of the RAS signaling pathway in TSPY1‐overexpressing A549 and HepG2 cells relative to controls](CAS-110-1573-g005){#cas13984-fig-0005}

3.5. Inhibition of IGFBP3 expression might be a potential way of TSPY1 promoting the activation of PI3K/AKT and RAS signaling pathways {#cas13984-sec-0020}
--------------------------------------------------------------------------------------------------------------------------------------

Among the network containing 13 hub genes, we found that *IGFBP3* and *RUNX2* closely connected with *BCL2* and *JUN* (Figure [4](#cas13984-fig-0004){ref-type="fig"}E). Considering that the downregulation of *IGFBP3* and the upregulation of *RUNX2* expression were confirmed in both TSPY1‐overexpressing cells, we suspected that *IGFBP3* and *RUNX2* might also be involved in the TSPY‐regulated PI3K/AKT and RAS signaling pathways. As a transcription factor that plays an important role in the regulation of cell proliferation, cell cycle, cell differentiation, and apoptosis, RUNX2 has been reported to be the downstream molecule of the PI3K/AKT and RAS signaling pathways as its transcription‐regulation activity is dependent on the phosphorylation obtained from p‐AKT and p‐ERK.[27](#cas13984-bib-0027){ref-type="ref"} Contrarily, IGFBP3 has been suggested to function as an important upstream regulator of both PI3K/AKT and RAS signaling pathways as IGFBP3, acting as an insulin‐like growth factor 1 binding protein, can inhibit the bioactivity of insulin‐like growth factor 1 that activates PI3K/AKT and MAPK signaling.[28](#cas13984-bib-0028){ref-type="ref"} In addition, a previous report has shown that ectopic TSPY1 activation and low IGFBP3 expression were presented simultaneously in many hepatocellular carcinoma cases.[9](#cas13984-bib-0009){ref-type="ref"} Thus, we hypothesized that TSPY1 suppressed *IGFBP3* expression, which resulted in promoted activity of PI3K/AKT and RAS signaling pathways.

To verify this hypothesis, we first confirmed the suppression of TSPY1 on the IGFBP3 protein level in A549 and HepG2 cells (Figure [6](#cas13984-fig-0006){ref-type="fig"}A). Then we knocked down IGFBP3 expression in A549 and HepG2 cells, using both shRNA and siRNA targeted to the *IGFBP3* gene (Figures [6](#cas13984-fig-0006){ref-type="fig"}B and [S6](#cas13984-sup-0006){ref-type="supplementary-material"}), and observed that the reduction of IGFBP3 was associated with the increase of p‐AKT, p‐mTOR, BCL2, p‐RAF, p‐MEK, p‐ERK, and JUN (Figures [6](#cas13984-fig-0006){ref-type="fig"}B,C and [S6](#cas13984-sup-0006){ref-type="supplementary-material"}). These results supported that the function of TSPY1 inhibiting *IGFBP3* expression can activate the pathways of PI3K/AKT and RAS.

![Knockdown of insulin growth factor binding protein 3 (IGFBP3) promotes the activation of PI3K/AKT and RAS pathways in A549 and HepG2 cells. A, Western blot analysis confirmed that testis‐specific protein, Y‐linked 1 (TSPY1) reduced the endogenous IGFBP3 expression in A549 and HepG2 cells. B, Western blot analysis shows decreased IGFBP3 expression was correlated with the increased level of 3 key proteins (p‐AKT, p‐mTOR, and BCL2) of the PI3K/AKT signaling pathway in A549 and HepG2 cells. C, Western blot analysis showed higher levels of 4 key proteins (p‐RAF‐1, p‐MEK1/2, p‐ERK1/2, and JUN) of the RAS signaling pathway in A549 and HepG2 cells with IGFBP3 knockdown, relative to controls (shNC and siNC)](CAS-110-1573-g006){#cas13984-fig-0006}

3.6. Transcriptional activity of IGFBP3 suppressed by TSPY1 directly binding to the promoter of IGFBP3 {#cas13984-sec-0021}
------------------------------------------------------------------------------------------------------

To investigate whether TSPY1 directly binds to the promoter of *IGFBP3* to regulate its transcription, we constructed 6 luciferase reporter vectors containing the promoter fragments different in sizes (Figure [7](#cas13984-fig-0007){ref-type="fig"}A). After co‐transfecting the constructs with a TSPY1‐expressed vector individually, we found that, compared to a control vector, the relative luciferase activities of 4 fragments were significantly decreased (Figure [7](#cas13984-fig-0007){ref-type="fig"}B). Correspondingly, the potential binding region of TSPY1 in the *IGFBP3* promoter might be limited from −272 to −172 bp. To further verify the direct binding of TSPY1 to the *IGFBP3* promoter, we undertook ChIP assays using an anti‐FLAG Ab to precipitate FLAG‐TSPY1 protein in the chromatin derived from the TSPY1‐overexpressing A549 and HepG2 cells. Then various regions of the *IGFBP3* promoter were amplified with the immunoprecipitated DNA (Figure [7](#cas13984-fig-0007){ref-type="fig"}C,D), using several pairs of specific primers (Figure [7](#cas13984-fig-0007){ref-type="fig"}A), and the PCR products were verified by DNA sequencing. The results suggested that TSPY1 occupied on the fragments from −388 to −205 bp and from −225 to −78 bp in the *IGFBP3* promoter (Figure [7](#cas13984-fig-0007){ref-type="fig"}C,D). Taken together, these findings suggested that TSPY1 might bind to the region from −225 to −205 bp of the *IGFBP3* promoter to suppress the transcriptional activity of *IGFBP3*, decreasing IGFBP3 expression.

![Mechanism of action underlying the suppression of the transcriptional activity of *IGFBP3* by testis‐specific protein, Y‐linked 1 (TSPY1). A, Schematic of the *IGFBP3* promoter depicting the location of *IGFBP3* promoter constructs (P1‐P6) and ChIP‐PCR primers (PCR1‐PCR4). B, Luciferase reporter assays showed that TSPY1 could decrease the luciferase activity of 4 *IGFBP3* promoter constructs (P1‐P4) in 293T cells. C,D, ChIP‐PCR assays revealed TSPY1 directly occupied the binding site from −388 to −205 bp and from −225 to −78 bp of the *IGFBP3* promoter in A549 (C) and HepG2 (D) cells. Moreover, ChIP‐qPCR analysis showed higher a TSPY1 level in the *IGFBP3* promoter when compared to IgG. Data are presented as the mean ± SD (n = 3, \**P *\<* *.05)](CAS-110-1573-g007){#cas13984-fig-0007}

3.7. Knockdown of TSPY1 presents an opposite effect on the biological phenotypes and the activity of PI3K/AKT and RAS signaling pathways in both LCLC‐103H and MHCC97H cells {#cas13984-sec-0022}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Considering that TSPY1 is less expressed in both A549 and HepG2 cells, we checked the effect on the cell phenotypes when the TSPY1 level was downregulated in lung carcinoma cell line LCLC‐103H and liver hepatocellular carcinoma cell line MHCC97H in which cells TSPY1 is constitutively expressed (Figure [8](#cas13984-fig-0008){ref-type="fig"}A). As expected, the cell proliferation and invasiveness were clearly inhibited (Figure [8](#cas13984-fig-0008){ref-type="fig"}B‐D), the transition from G~2~ to M phase was obstructed (Figure [8](#cas13984-fig-0008){ref-type="fig"}E), and apoptosis was accelerated (Figure [8](#cas13984-fig-0008){ref-type="fig"}F) in the LCLC‐103H and MHCC97H cells in which the TSPY1 expression was inhibited by special shRNA and siRNA. These results indicated that the targeted block of TSPY1 expression would impede tumor progression.

![Knockdown of testis‐specific protein, Y‐linked 1 (TSPY1) inhibits cell proliferation, cell cycle transition, and cell invasiveness and promotes cell apoptosis in LCLC‐103H lung carcinoma and MHCC97H liver carcinoma cells. A, Western blot analysis shows decreased endogenous TSPY1 in LCLC‐103H and MHCC97H cells after transfection with the lentiviral TSPY1 shRNA vector. B, CCK‐8 assays show that the knockdown of TSPY1 inhibited the proliferation of LCLC‐103H and MHCC97H cells. Relative proliferation is presented as the fold change, calculated based on absorbance and normalized to a control value. C, Colony formation assays show that the knockdown of TSPY1 decreased the colony numbers of LCLC‐103H and MHCC97H cells. Original magnification, ×1. D, Transwell assays show that the knockdown of TSPY1 could impair invasion of LCLC‐103H and MHCC97H cells. Original magnification, ×400. E, Cell cycle assays show that the knockdown of TSPY1 could extend G~2~/M phase. F, Cell apoptosis assays show that the knockdown of TSPY1 could promote apoptosis of LCLC‐103H and MHCC97H cells. Data are presented as the mean ± SD (n = 3, \**P *\<* *.05). shNC, Scrambled shRNA vector acting as a negative control](CAS-110-1573-g008){#cas13984-fig-0008}

We then investigated the levels of proteins involved in the signaling pathways of PI3K/AKT and RAS in the TSPY1‐downregulated LCLC‐103H and MHCC97H cells, and observed that the decrease of TSPY1 expression upregulated the *IGFBP3* expression (Figures [9](#cas13984-fig-0009){ref-type="fig"}A and [S7](#cas13984-sup-0007){ref-type="supplementary-material"}), and contrarily reduced the protein levels of p‐AKT, p‐mTOR, BCL2, p‐RAF, p‐MEK, p‐ERK, and JUN (Figures [9](#cas13984-fig-0009){ref-type="fig"} and [S7](#cas13984-sup-0007){ref-type="supplementary-material"}). These results further confirmed the positive influence of TSPY1 on the activation of PI3K/AKT and RAS signaling pathways through inhibiting *IGFBP3* expression.

![Knockdown of testis‐specific protein, Y‐linked 1 (TSPY1) suppresses the activation of PI3K/AKT and RAS pathways in LCLC‐103H and MHCC97H cells. A, Western blot analysis shows increased insulin growth factor binding protein 3 (IGFBP3) expression and lower levels of 3 key proteins (p‐AKT, p‐mTOR, and BCL2) of the PI3K/AKT signaling pathway in LCLC‐103H and MHCC97H cells with TSPY1 knockdown, relative to controls (shNC and siNC). B, Western blot analysis shows lower levels of 4 key proteins (p‐RAF‐1, p‐MEK1/2, p‐ERK1/2, and JUN) of the RAS signaling pathway in LCLC‐103H and MHCC97H cells with TSPY1 knockdown, relative to controls (shNC and siNC)](CAS-110-1573-g009){#cas13984-fig-0009}

4. DISCUSSION {#cas13984-sec-0023}
=============

The ectopic activation of *TSPY1* is frequently observed in various somatic cancers, and some potential mechanisms associated with the involvement of TSPY1 in tumor progression have been reported.[15](#cas13984-bib-0015){ref-type="ref"}, [16](#cas13984-bib-0016){ref-type="ref"}, [17](#cas13984-bib-0017){ref-type="ref"}, [18](#cas13984-bib-0018){ref-type="ref"}, [19](#cas13984-bib-0019){ref-type="ref"} In the present study, we presented a novel mechanism underlying the promotion of TSPY1 on IGFBP3‐mediated tumor progression (Figure [10](#cas13984-fig-0010){ref-type="fig"}). We identified that TSPY1 promoted the activation of both PI3K/AKT/mTOR/BCL2 and RAS/RAF/MEK/ERK/JUN signaling pathways, and this promotion depended on the inhibition of TSPY1 on IGFBP3 expression. The PI3K/AKT and RAS signaling pathways are key signal transduction components in the regulation of cell growth, cell differentiation, cell cycle, apoptosis, and metastasis,[22](#cas13984-bib-0022){ref-type="ref"}, [23](#cas13984-bib-0023){ref-type="ref"}, [24](#cas13984-bib-0024){ref-type="ref"}, [25](#cas13984-bib-0025){ref-type="ref"}, [26](#cas13984-bib-0026){ref-type="ref"} and recent reports show that deregulated activation of the 2 signalings is frequently observed in many cancers.[29](#cas13984-bib-0029){ref-type="ref"}, [30](#cas13984-bib-0030){ref-type="ref"}, [31](#cas13984-bib-0031){ref-type="ref"} Therefore, our findings provided a potential common mechanism of *TSPY1*\'s function as an oncogene in the tumor process.

![Proposed model for the mechanism of action underlying the promotion of tumor progression by testis‐specific protein, Y‐linked 1 (TSPY1). The ectopic expression of TSPY1 in cancer cells downregulates the mRNA expression of the insulin growth factor binding protein 3 (*IGFBP3*) gene as a transcription suppressor by occupying its promotion region. The decrease in the level of IGFBP3 protein in the cell reduces its extracellular secretions and impairs its capability that sequesters insulin‐like growth factor 1 (IGF1) from IGF1 receptor (IGF1R). Augmenting of the IGF1/IGF1R‐mediated signal activates both PI3K/AKT and RAS signaling pathways and upregulates the expression of BCL‐2, p‐mTOR, p‐ERK, and JUN. The enhancement of functions of these 4 proteins facilitates cell proliferation, cycle transition, and invasion and inhibits cell apoptosis, probably promoting tumor progression](CAS-110-1573-g010){#cas13984-fig-0010}

Previous studies have shown that IGFBP3, a tumor suppressor, inhibits cell proliferation, promotes apoptosis, and reduces growth in various cancers, including prostate cancer,[32](#cas13984-bib-0032){ref-type="ref"} colorectal cancer,[33](#cas13984-bib-0033){ref-type="ref"} breast cancer,[34](#cas13984-bib-0034){ref-type="ref"} and ovarian endometrioid carcinoma.[35](#cas13984-bib-0035){ref-type="ref"} Recent reports also showed that the low levels of IGFBP3 were correlated with poor prognosis for patients with hepatocellular carcinoma[36](#cas13984-bib-0036){ref-type="ref"} and that Igfbp3‐null mice experienced increased lung tumor burden.[37](#cas13984-bib-0037){ref-type="ref"} These observations strongly suggest the significance of IGFBP3 in tumorigenesis. In the present study, we found the inhibitory effect of TSPY1 on *IGFBP3* transcriptional activity by binding to *IGFBP3* promoter and the following activation of PI3K/AKT and RAS signaling pathways. These findings provide evidence that TSPY1 is an upstream modulator of IGFBP3 and the ectopic activation of TSPY1 disrupts the suppressing ability of IGFBP3 on tumor progression.

Considered a transcription regulator, TSPY1 was found to upregulate its transcriptional activity by binding to the exon‐1 of its own gene.[38](#cas13984-bib-0038){ref-type="ref"} It also promotes the transcription of its homologous gene *TSPYL5* by binding to the *TSPYL5* promoter.[19](#cas13984-bib-0019){ref-type="ref"} Surprisingly, in this study, we found that TSPY1 had a negative effect on the transcription of *IGFBP3*, indicating that the transactivating ability of TSPY1 depends on the availability of other specific cofactors. Similarly, B‐myb, another transcriptional factor, also possesses dual characters in the transcription regulation activities of repression and activation.[39](#cas13984-bib-0039){ref-type="ref"}, [40](#cas13984-bib-0040){ref-type="ref"} A recent report also showed that B‐myb, like TSPY1, suppressed the IGFBP3 expression and upregulated the proliferation and migration of non‐small‐cell lung cancer cells.[41](#cas13984-bib-0041){ref-type="ref"} Given that SET and NAP1 family proteins play multiple functions, such as histone chaperones,[42](#cas13984-bib-0042){ref-type="ref"} the transcriptional regulation ability of enhancer or suppressor might depend on additional regulatory factors that can generate a transcriptional complex with TSPY1. However, these transcriptional complexes containing TSPY1 need to be verified in future investigations.

Sex disparities in incidence and progression are frequently identified in various human diseases.[43](#cas13984-bib-0043){ref-type="ref"} The risk of greater incidence, higher mortality rate, and lower survival are observed in male patients relative to female patients for 32 of 36 cancer types studied.[44](#cas13984-bib-0044){ref-type="ref"}, [45](#cas13984-bib-0045){ref-type="ref"} The mechanisms responsible for the gender differences in cancer development and prognosis remain largely unknown. The most significant genetic trait of men is genes on their Y chromosome, which could provide a reason for such male preference in cancer. A recent study has revealed that the loss of the Y chromosome in the peripheral blood is closely associated with shorter survival and higher incidence risk of cancer in males.[46](#cas13984-bib-0046){ref-type="ref"} Additionally, the ectopic expression of MSY‐linked genes, including *TSPY1*,*RBMY*, and *VCY*, was observed in various male‐biased somatic cancers, particularly in liver and lung cancer.[9](#cas13984-bib-0009){ref-type="ref"}, [47](#cas13984-bib-0047){ref-type="ref"}, [48](#cas13984-bib-0048){ref-type="ref"}, [49](#cas13984-bib-0049){ref-type="ref"} These observations suggest that the Y chromosome might be involved in the development, progression, and outcomes of cancers in a male‐specific manner. In the current study, we confirmed that the ectopic expression of TSPY1 was associated with higher mortality and worse overall survival probability in male patients with LUAD or LIHC, which further provided evidence to suggest that TSPY1 might contribute to the sex disparities in some cancers, particularly LUAD and LIHC.

Cancer/testis antigens are important for cancer diagnosis and immunotherapy due to their tumor‐restricted expression pattern and high immunogenicity. Several clinical trials assessed CT antigens, such as MAGE‐A3 and NYESO‐1, as vaccine therapy in patients with lung, prostate, and ovarian cancers and melanoma.[50](#cas13984-bib-0050){ref-type="ref"}, [51](#cas13984-bib-0051){ref-type="ref"}, [52](#cas13984-bib-0052){ref-type="ref"}, [53](#cas13984-bib-0053){ref-type="ref"} Cancer‐testis genes are generally located on the X chromosome,[54](#cas13984-bib-0054){ref-type="ref"} rarely on the Y chromosome. However, it is important to identify Y chromosome‐linked CT genes, particularly for the diagnosis and immunotherapy of male patients with cancers. In the present study, we observed that TSPY1 was frequently ectopically activated in different male somatic tumor specimens and identified a significant correlation between TSPY1 activation, higher mortality, and worse overall survival probability in male patients with LUAD or LIHC. The clinical findings, together with the potential of TSPY1 in cell proliferation, cell invasion, cell cycle transition, and cell apoptosis, suggest that TSPY1 acting as a CT antigen could be a target for diagnosis and immunotherapy in male patients with some cancers.

In conclusion, we presented a comprehensive set of clinical and experimental evidence establishing TSPY1 as an oncogenic factor that facilitates tumor progression and causes poor prognosis in male patients with LUAD or LIHC. Our findings revealed that TSPY1 strongly promotes the activation of the PI3K/AKT and RAS signaling pathways through suppressing *IGFBP3* gene transcription, providing a novel explanation for the contribution of TSPY1 to tumor progression.
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